The differential speed accumulative roll bonding (DSARB) process was attempted to strengthen 1100 aluminum sheet via grain refinement. The roll peripheral speed of one roll was 2.0 m/min and that of another roll was 3.6 m/min. The roll speed ratio was kept at 1.8. The accumulative roll bonding was conducted up to 6 cycles at ambient temperature without lubrication. For comparison, the conventional accumulative roll bonding (CARB) process was conducted with a rolling speed of 3.0 m/min. The grains developed by the DSARB process were more equiaxed than those produced by the CARB. Tensile strength of the DSARB processed sample was higher than that of the CARB processed sample at the same plane strain compressive strain. The elongation was not affected significantly by the number of ARB cycles. The DSARB process was more effective for grain refinement and strengthening than the CARB process.
Introduction
In recent years, ultrafine grained (UFG) materials have received considerable attention from many researchers for their potential improvements in mechanical properties. These materials have been processed using severe plastic deformation techniques, including equal channel angular pressing (ECAP), 1, 2) high-pressure torsion (HPT) 3) and accumulative roll-bonding (ARB). [4] [5] [6] Among these techniques, the ARB process, which utilizes a conventional rolling mill, has been applied to produce the ultrafine grained sheet metals. The results indicated that grain refinement in various aluminum alloys and steels could be achieved by the ARB process, using a 2-high rolling mill. [4] [5] [6] During the rolling under high friction conditions, the specimen deforms more severely near the surface, resulting in inhomogeneous shear strain distribution throughout the thickness. [7] [8] [9] In the ARB process, the rolled sheet is cut in two pieces and one is stacked onto another sheet, then rolled 50% for bonding. One surface of the rolled sheet becomes center of the thickness at the next pass. Consequently, large shear strain is introduced in wide range of thickness of sheet metal. 10) A certain amount of strain is required for the formation of ultrafine grains. It requires at least six cycles of the ARB ($ plane strain compressive strain of 4.8) in order to obtain the ultrafine grained materials throughout the thickness.
5)
The differential speed rolling (DSR) (or called asymmetric rolling) process, in which the roll peripheral speed of one roll is different from another roll, is often used in fabricating clad materials and compacting metal powders. The shear force induced by the different roll peripheral speeds promotes the bonding between the sheets or the powders. 11) This DSR has been also applied in improving the press formability of aluminum alloys. The h111i kND texture developed during the DSR process has been reported to increase the rvalue 12, 13) of aluminum alloy sheets. In addition, it was reported recently that fine grains with high angle grain boundaries could be formed in aluminum alloys using the DSR process.
14,15) Cui et al. 14) have achieved grain refinement ($2 mm) of high purity aluminum through the DSR process. The refinement by the DSR, however, is limited by the plastic deformation that can be applied to a specimen. The ARB process, on the other hand, is not limited by the amount of plastic deformation, although the shear strain imparted into the sheet per pass is limited. In this study, therefore, an attempt was made to combine the DSR and ARB processes in severe plastic deformation of sheet metals and to investigate efficiency of the differential speed accumulative roll-bonding (DSARB) process on the grain refinement of pure aluminum. This DSARB process is expected to be more effective in grain refining since the shear strain imparted into sheet metal can be controlled more efficiently by changing the speed ratio between the upper and lower rolls. The tensile properties of the sheet metal obtained were also evaluated.
Experimental Procedures
Commercially pure aluminum, JIS-A1100t1 mm, was used for this DSARB study. Prior to DSARB, the sheet having dimensions of t1 mm Â w25 Â l300 mm was fully annealed. The average grain size of the specimen was 37 mm in diameter. Two pieces of the sheets were stacked to be 2 mm in thickness after degreasing and wire-brushing. The sheets were then rolled, using a 2-high mill with a roll diameter of 130 mm to 50% reduction per cycle of DSARB process. The roll peripheral speed of one roll was 2 m/min and that of another roll was 3.6 m/min. That is, the differential speed ratio was kept at 1.8. From the second cycle of the DSARB process, the sheet was cut in two pieces and one piece was stacked to another without changing its direction, as schematically illustrated in Fig. 1 . The stacked specimen was rotated 180 degrees around its TD axis before rolling in order to impart uniformly the large shear strain into the specimen. The rolling was conducted up to 6 cycles at ambient temperature without lubrication. For comparison, the conventional ARB (CARB) was conducted with a rolling speed of 3.0 m/min. In this case, the rolling direction was the same at all cycles. Other detailed procedures of the conventional ARB process were reported elsewhere. [4] [5] [6] The microstructures of the ARB processed sheets were examined using transmission electron microscopy (HITA-CHI H-800). For the TEM observation, thin foils were prepared by twin-jet polishing after electro-discharge machining. The tensile properties were measured at ambient temperature. The test pieces were cut along the direction parallel to the rolling direction by an electro-discharge machine. The specimens having the gauge length of 10 mm and the gauge width of 5 mm were tested using an initial strain rate of 8:3 Â 10 À4 s À1 .
Results and Discussion
TEM micrographs of the specimen processed by CARB are shown in Fig. 2 . The micrographs were taken from the rolled sheet cut parallel to the rolling plane. Accompanying selected area diffraction (SAD) patterns were recorded from the center of each bright field images and the aperture diameter used was 1.6 mm. In the sample after 2 cycles of CARB [ Fig. 2(a) ], dislocation cell structures were formed. The corresponding SAD pattern was characterized by slightly diffused spots, suggesting small misorientation angles between the neighboring cells. The cell structure became more clear and the dislocation density increased as the cycle number increased to 4 [ Fig. 2(b) ]. When the sample was processed by CARB up to 6 cycles, ultrafine grains [ Fig. 2(c) ] with a diffused pattern and extra spots in the SAD pattern were observed, indicating large misorientations between the grains. These observations are very similar to those results on other aluminum alloys processed by the ARB process. 4, 16, 17) Figure 3 shows TEM micrographs of the specimen processed by DSARB. In the specimen after 2 cycles [ Fig.  3(a) ], the dislocation cell structure similar to that after 2 cycles of CARB was observed. The corresponding SAD pattern was also characterized by slightly diffused spots, suggesting small misorientation angle between the cells. After 4 cycles, ultrafine grains of submicron size surrounded by well-developed boundaries formed partly in the sample [ Fig. 3(b) ]. The corresponding SAD pattern exhibits a diffused ring pattern and extra spots, suggesting high angle boundaries between the grains. In the specimen after 6 cycles [ Fig. 3(c) ], the fraction of the ultrafine grains was increased. The corresponding SAD pattern exhibits more diffused ring pattern and more extra spots than that after 4 cycles. Comparing the microstructures shown in Fig. 2 with Fig. 3 , the DSARB process appears to be more effective in refining the grains of the aluminum.
TEM micrographs taken from a plane perpendicular to the transverse direction (TD plane) of specimens after 6 cycles of CARB and DSARB are shown in Fig. 4 . In the sample processed via CARB [ Fig. 4(a) ], a lamella structure in which the ultrafine grains are elongated along the rolling direction was observed. On the other hand, in the sample processed via DSARB [ Fig. 4(b) ], equiaxed ultrafine grains were observed. These results also indicate that the DSARB is more effective than the CARB in refining grains of aluminum. One of the probable reasons is larger shear strain imparted to the sheet during the DSARB. Although compressive strain is almost the same in both processes, the equivalent strain introduced is different from each other, since the shear strain imparted into the sheet is different. The larger equivalent strain should promote the grain refining process during the DSARB. Furthermore, deformation mode is also an important factor in grain refinement. Cui et al. 14) claimed that the formation of fine grains during the DSR is promoted by the simultaneous action of compressive and shear deformations. As the DSARB process includes both of the deformation modes, the more effective grain refinement might have been caused by the coexistence of different mode deformation. However, it is not clear yet which factor contributes primarily to the grain refinement. Further studies are still needed in order to understand the mechanism of grain refining during the DSARB process.
Mechanical properties of the samples processed by the CARB and by the DSARB are shown in Fig. 5 as a function of plane strain compressive strain. The plane strain compressive strain after the nth cycle, ", was calculated using the following equation.
where n is the number of cycles, t 0 is the initial thickness, 2 mm, after stacking of two sheets of 1 mm thick, and t n is the thickness after the nth cycle. Tensile strength of the specimen processed by the CARB increased with the strain. After 6 cycles, it reached 270 MPa, which is about 3.2 times higher than the initial value. This level of strengthening was often reported in previous studies using the ARB process. [4] [5] [6] Similar strengthening behavior was also observed from the samples processed by the DSARB, but at a higher rate. After 6 cycles of the DSARB, the strength reached 304 MPa, which is about 3.6 times higher than the initial value. With the DSARB process, the same level of strengthening could be achieved at a smaller compressive strain than that of the CARB process. This enhanced strengthening with the DSARB process might have been caused by the increased amount of the true equivalent strain which includes shear strain, as mentioned in the proceeding paragraph. The elongation, on the other hand, exhibits a large decrease after the first cycle, however it remains the same with a further increase in imposed strain. The elongation of the DSARB exhibits the same level as that of the CARB. Therefore, it can be concluded that the DSARB is superior to the CARB in strengthening of sheet materials.
Conclusions
Differential speed accumulative roll-bonding (DSARB) process was applied to the strengthening of 1100 aluminum via grain refinement. The following conclusions were obtained.
(1) The grain refining effect was more pronounced with the DSARB process compared with that of CARB process. The grains formed after the DSARB process were more equiaxed than those by the CARB. (2) Tensile strength of the DSARB processed sample was higher than that of the CARB processed sample at the same compressive strain. This enhanced strengthening was caused by the increased amount of the true equivalent strain which includes shear strain. The elongation was not affected significantly by the number of ARB cycles. (3) The DSARB process was more effective in grain refinement and strengthening than the CARB process.
